Initial Nd, Pb, and Sr isotopic data from carbonatites and associated intrusive silica-undersaturated rocks from the early Jurassic, Chilwa Island complex, located in southern Malawi, central Africa, suggest melt derivation from a Rb/Sr-and Nd/Sm-depleted but Th/Pb-and U/Pb-enriched mantle source. Pb/ 204 Pb 1818-2012 show pronounced variations, and form two groups in Pb-Pb plots. The isotopic variations shown by Nd, Pb, and Sr for the Chilwa Island carbonatites and intrusive silicates suggest that these melts underwent different evolutionary histories. The chemical data, including isotopic ratios, from the carbonatites and olivine nephelinites are consistent with magmatic differentiation ofacarbonated-nephelinite magma. A model is proposed in which differentiation of the carbonatite magma was accompanied by fenitization (metasomatic alteration) of the country rocks by carbonatite-derived fluids, and subsequent alteration of the carbonatite by hydrothermal activity. The chemical and isotopic data from the non-nephelinitic intrusive silicate rocks reveal a more complex evolutionary history, involving either selective binary mixing of lower-crustal granulites and a nephelinite magma, or incremental batch melting of a depleted source and subsequent crustal contamination.
INTRODUCTION
Carbonatites and nephelinites are particularly useful for deciphering the nature of the subcontinental upper mantle because (1) their low viscosity enables them to sample large mantle volumes (McKenzie, 1985; Richter, 1985) , and (2) their high Nd and Sr contents (especially for carbonatites), well in excess of crustal abundances, buffer their isotopic composition against possible changes brought about by crustal contamination. The isotopic compositions of most carbonatites therefore reflect the average isotopic signature of their sub- [Modified after Bloomfield (1965).] MgO, A1 2 O 3 , MnO, and SiO 2 , and higher CaO contents than the younger, central carbonatite phases (Table 1) . Such trends are typical of differentiation observed in many other carbonatites (Woolley & Kempe, 1989) . Compared with the magnesio-(MW 166, dolomite-rich) and ferrocarbonatites (MW 168, , the total Fe content of the Chilwa Island calciocarbonatites is lower and fairly constant ( Table 1 ). The higher Mn and Si abundances found in the dolomitic and sideritic carbonatites can be attributed to late-stage FIG. 2 . Geological map of the Chilwa Island carbonatite (modified after Garson & Smith, 1958) . Units: 1-Precambnan basement complex, includes pre-Chilwa 'older' syenites; 2-potassic breccia; 3-calciocarbonatite; 4-magnesiocarbonatite; 5-ferrocarbonatite, 6-various intrusive silicate plugs; 7-various intrusive silicate dykes; 8-major faults.
formation of secondary minerals such as Mn-rich oxides and quartz that characterize the central core of the complex (Garson & Smith, 1958) . The condensed spidergram (Fig. 3) for the Chilwa Island carbonatite samples shows that the Chilwa Island carbonatites are enriched in Ba, Nb, Nd, Sm, Sr, Zr, and Y, and depleted in K, Rb, and Ti relative to primitive mantle, chemical features that have been observed in most carbonatites (Nelson et al., 1988) . The Chilwa Island carbonatites have comparable patterns to average calcio-, magnesio-, and ferrocarbonatites (Woolley & Kempe, 1989) , and mantlenormalized values for Nd, Sm, U, Y, and Zr are also similar. The remaining elements shown in Fig. 3 , however, plot at significantly lower mantle-normalized values, especially K and Ti.
Silicate rocks
Whole-rock major and trace element data from the olivine nephelinites, camptonites, nepheline syenites, and ijolites are given in Table 2 . Petrographic descriptions of these rocks O~;data obtained by X-ray fluorescence (XRF). The relative precision of the major element oxide analyses, with the exceptions of Na 2 O, P 2 O 5 , MnO, and S, is =£3% of determined value; the precision of Na 2 O, P 2 O 3 , MnO, and S is ± 10%. Relative precision of the trace element results (ppm) is ± 10% for all the elements except Y (±50%). Types: C, calciocarbonatite; P, pyrochlore-rich carbonatite; A, ankeritic carbonatite; D, dolomitic (magnesio-) carbonatite; S, sideritic (ferro-) carbonatite; QF, quartz-fluorite-dickite hydrothermal rock, n.a., not analysed.
are given in the Appendix. Some of these samples were previously analysed by Woolley & Jones (1987) . The most basic silicate rocks of the entire province are the Chilwa Island olivine nephelinite dykes (Woolley & Jones, 1987) , and their mg-numbers (074-067, Table 2) indicate that they are primary mantle melts (Roeder & Emslie, 1970) . The major and trace element compositions of the two camptonite dyke samples (G 298 and G 396) are very similar to one another, and compared with the olivine nephelinites have lower m#-numbers, and lower Ba, Cr, Zr, Sr, Rb, Ni, and Nb contents as well as higher contents of Si and Al.
The intrusive silicate rocks with the lowest mg-numbers are the nepheline syenites, and compared with nepheline syenites from elsewhere within the CAP, they also have the lowest SiO 2 contents, contain higher CO 2 , and show an enrichment of Sr over Ba (Woolley & Jones, 1987) . The two nepheline syenite samples (MW 149 and MW 150) from the same plug have almost identical chemical compositions (Table 2) .
Harker variation diagrams (Fig. 4 ) demonstrate the cogenetic relationship among the different intrusive silicate rocks from Chilwa Island. Figure 4 shows decrease in MgO, CaO, and TiO 2 , and increase in A1 2 O 3 wt.% from the olivine nephelinites through to the nepheline syenites. Similar trends from Chilwa Island were noted by Woolley & Jones (1987) , who suggested that the nepheline syenites may be related to the nephelinites by combined olivine and pyroxene crystal fractionation. An alternative explanation for the trends shown in Fig. 4 Woolley & Kempe (1989) .
Mantle values from Wood et al. (1979) .
involves binary mixing between a primitive (A1-, Si-poor, Mg-rich) magma, such as the Chilwa Island nephelinites, and a second component with major element concentrations (A1 2 O 3 > 180 wt.%; MgO< 10 wt.%; SiO 2 >50 wt.%; TiO 2 wt.% < 10 wt.%) that plot to the right of the nepheline syenite field, such as lower-crustal granulites. Woolley (1987) attributed the origin of voluminous 'phonolitic' (nepheline syenitic) melts within the CAP to direct partial melting of the mantle, using arguments based on experimental data (Wright, 1971) , and the presence of lherzolite and olivine nodules in phonolites and trachytes (e.g., Wright, 1971; Irving & Price, 1981) . Compared with the olivine nephelinites, the higher incompatible element contents (e.g., Rb, Zr) in the nepheline syenites can be generated by partial melting of an incompatible-element-enriched (metasomatized) source region (Woolley & Jones, 1987) . Other evidence that might indicate a direct mantle origin for the more 'differentiated' Chilwa Island silicate rocks, such as the nepheline syenites and ijolites, are their low Y/Nb ratios (< 1), which are similar to those from ocean island basalts (Taylor & McLennan, 1985) and some mantle-derived A-type granitoids (Eby, 1990) . In addition, the lack of any consistent trends between incompatible element ratios (e.g., K/U, Nb/U, Zr/Nb) and 'differentiation' indices [e.g., SiO 2 , (Na + K)/Al] are inconsistent with a simple fractionation-controlled origin from a single parental melt for the nepheline syenites.
The relationship between some of the silicate rocks and carbonate rocks at Chilwa Island can be evaluated by comparing calculated distribution coefficients for certain trace elements with those determined by Hamilton et al. (1989) for nephelinite-calcium-rich carbonate liquid pairs. These distribution coefficients were based on experimental results from conjugate silicate-carbonate liquids produced by liquid immiscibility in the pressure and temperature range of 1-6 kbar and 1050-1250 °C, respectively. Enrichment of most of the trace elements into the carbonate liquid is favoured by high pressure, low temperature, and increase in polymerization of the silicate conjugate melt (Hamilton et al., 1989) . The ranges (Woolley & Jones, 1987) . of calculated distribution coefficients (concentration in nephelinite: concentration in carbonatite)forBa (055-1-2), Mn (~ 10), Sm (0-91-1-1), and Zr (071-2-2) from the Chilwa Island olivine nephelinites and the least altered calciocarbonatites are similar to values obtained from the 3-kbar runs of Hamilton et al. (1989) . A possible origin for the carbonatites by liquid immiscibility from an olivine nephelinite, at crustal levels, is consistent with our data.
Host rocks and fenites
All of the exposed basement granulites and 'older' syenites at Chilwa Island are slightly fenitized (A. R. Woolley, pers. comm., 1992) . The major and trace element composition of two (MW 4 and MW 95) of the granulites are given in Table 3 .
The degree of fenitization at Chilwa Island increases towards the carbonatite plug, and the fenites can be divided into three main types (Woolley, 1969) : quartz fenite (MW 30c, least fenitized), syenite fenite (M W 65 and MW 27, intermediate), and feldspathic breccia (MW 71 and MW 147, referred to as potassic fenites in Tables 3-5 and Figs. 5-7). The feldspathic breccia (sample MW 71), which is predominantly orthoclase (>95%), reflects the highest degree of fenitization. Compared with the relatively non-fenitized granulites, the fenites have much higher SiO 2 , K 2 O, Zr, and Rb contents, and lower TiO 2 , total FeO, MgO, CaO, and Cr contents.
Summary
Variations in major and trace element data from the Chilwa Island carbonatites can be largely attributed to magmatic differentiation with superimposed minor effects (e.g., addition of Mn and Si) from late-stage 'hydrothermal' activity. The agreement between calculated distribution coefficients for certain trace elements from least-altered Chilwa Island carbonatite-olivine nephelinite pairs and the experimental values determined by Hamilton et al. (1989) suggests that both may be conjugate liquids produced by liquid immiscibility. Major and trace element data from the Chilwa Island silicate rocks show that they may be (1) related by crystal fractionation from a single parental magma, (2) the result of a binary mixing process involving a single parent magma and lower crust, or (3) distinct partial melts from a metasomatized source region. Each model will be evaluated using Nd, Pb, and Sr isotopic data.
ANALYTICAL METHODS
Analytical procedures for Nd and Sr are similar to those described by Bell et al. (1987) . Carbonate was dissolved using a mixture of HC1-HNO 3 , and dissolution of the silicate samples involved an HF-HNO 3 mixture under pressure for at least 48 h. Some of the whole-rock carbonatite and silicate samples were leached using a mixture of cold, dilute HF-1 N HC1-1 N HBr (silicates) and 1 N HC1-1 N HBr (carbonates) for ~ 30 min. Pb and U were separated in HBr-HCl and HNO 3 -HC1-H 2 O two-column anion ion-exchange techniques, respectively. Details have been given by Kwon (1986) . Concentrations of U and Pb were determined by using a mixed 233 U-235 U-2O6 Pb spike. Some U concentrations were determined by instrumental neutron activation analysis (INAA). Nd and Sr blanks were in the range of 0-5 ng; those for Pb ~ 1-5 ng. Nd, Rb, Sr, and Sm were analysed using a double Re filament technique, and Pb and U samples were run on single Re filament using silica gel and phosphoric acid. All isotope ratios were measured on a Finnigan-Mat 261 multicollector solid-source mass spectrometer operated in the static mode. Reproducibility of the Sr and Nd isotope ratios is ±0004%, and for Pb isotope ratios ±0-1%.
ISOTOPE RESULTS

Radiogenic isotopes
Nd, Pb, and Sr isotope results are presented in Tables 4 and 5 . Attempts to date the carbonatite samples using Rb-Sr and Sm-Nd isotope systematics were unsuccessful because of the restricted spread in Rb/Sr and Sm/Nd ratios.
Initial Nd and Sr isotope ratios, assuming an age of 130 Ma, are plotted in Fig. 5 . With the exception of one ijolite, the data from all of the intrusive rocks plot in the upper left (depleted) quadrant, consistent with the data from other carbonatites of similar age (110 Ma Oka, Wen et al., 1987; 97 Ma Magnet Cove, Tilton et al., 1987; 123 Ma Kangankunde, Ziegler, 1992 Napak, Simonetti & Bell, 1994) some of which were used to define one extreme of the East African Carbonatite Line (EACL, , a Nd-Sr isotopic array based on data mainly from young (<40 Ma) carbonatites from Kenya, Tanzania, and Uganda. Although the initial Nd isotopic ratios from the Chilwa Island carbonatites are constant (051265-0-51270, Table 4A ), the initial Sr isotope ratios in the sideritic carbonatite (0-70361, MW 168), and quartz-fluoritebearing sample (0-70363, G 255) are higher than most of the older calciocarbonatites.
Unlike the isotopic data from the carbonatites, the intrusive silicate rocks show a relatively large range in initial Sr (0-70344-0-70383) and Nd (0-51246-0-51269) isotope ratios (Table  4B ). The Nd (0-51263-0-51269) and Sr (0-70348-0-70366) isotopic ratios from the three olivine nephelinites overlap those from the carbonatites, and are consistent with any model that involves magmatic differentiation, e.g., immiscible separation. In contrast, the initial 87 Sr/ 86 Sr isotopic ratios from most of the nepheline syenites and ijolites are slightly more radiogenic than those from the carbonatites. The Nd and Sr isotope ratios from the nepheline syenites are significantly different from those from the granulites (Table 4B) , and it is highly unlikely that they are produced by partial melting of the latter, or any other crustal material.
Most of the country rocks and fenites have initial Nd and Sr isotope ratios significantly different from those of the intrusive rocks (Fig. 5) . Two granulites, as well as the quartz and syenitic fenites, plot within the lower right (enriched) quadrant; an ijolite and one granulite plot in the lower left quadrant (Fig. 5) . Data from few rocks lie in this quadrant, and included are those from metasomatized mantle xenoliths (Menzies & Murthy, 1980) , inclusions in diamonds (Richardson et al., 1984) , some continental basalts (Carter et al., 1978) , some phonolites (Bell & Peterson, 1991) , and mafic granulites (Cohen et al., 1984) . The isotopic ratios from mafic granulite xenoliths from Lashaine, a tuff cone, in Tanzania (Cohen et al., 1984) , plot at similar Sr but much higher Nd isotope ratios than those from the Chilwa Island granulite sample MW 115. The fact that the data from the potassic fenites (MW 71 and MW 147) plot in the depleted quadrant and lie between the data from the intrusive rocks (carbonatites and silicates) and host granulites (Fig. 5) suggests that the metasomatic fluids responsible for their fenitization were probably derived from the igneous intrusions. The Nd and Sr isotope data from the quartz and syenite fenites are significantly different from those of the potassic fenites. The highly radiogenic initial 87 Sr/ 86 Sr isotopic ratio of the quartz fenite (Table 4B) could not have been produced by the fenitization of the Bell et al. (1987) ], is ±05%. Carbonatite types: C, calcitic; P, pyrochlore-rich; A, ankeritic; D, dolomitic; S, sideritic; QF, quartz-fluorite-bearing sample. granulites, but must have formed from a different protolith. The Nd and Sr isotopic ratios from the fenites (Fig. 5) show that with increasing degree of fenitization (quartz-to-syeniticto-potassic fenite), the isotopic ratios shift towards the depleted isotope signature of the magmatic rocks.
The present-day 207 Pb/ 204 Pb-206 Pb/ 204 Pb ratios from the carbonatites (Fig. 6A) form a near-linear array which, if interpreted as a secondary isochron, would yield an age of 628 Ma, significantly older than the best estimates of the age of the complex based on the K-Ar dates. The present-day 208 Pb/ 204 Pb-206 Pb/ 204 Pb isotopic ratios shown in Fig. 6B are scattered. The data from one carbonatite sample, G 410, are excluded from Fig. 6B because it has an extremely radiogenic present-day 208 Pb/ 204 Pb ratio, which may indicate the presence of a Th-rich mineral, such as pyrochlore (Hogarth, 1989 (Tatsumoto, 1978) , and correspond to a secondary isochron age of ~ 1600 Ma. Such linear arrays may fit the mean slope of the oceanic regression line at different times in the past (Kwon et al., 1989 (Fig. 7) , a feature that is also shown by Pb isotopic data from East African carbonatites (Grunenfelder et al., 1986) , and MORBs and OIBs (Tatsumoto, 1978) . The intrusive carbonatite and silicate rocks from Chilwa Island have highly variable initial Pb isotope ratios that might indicate open-system behaviour, such as contamination or recent loss or gain of uranium during weathering. Recent migration of uranium appears unlikely because the initial Pb isotopic ratios of 5 of the 8 carbonatite samples are very close to present-day ratios, a feature that is typical of Pb isotopic ratios from most carbonatites (Grunenfelder et al., 1986; Nelson et al, 1988; Kwon et al., 1989) . In these 5 samples, the back-correction was < 1% of the measured 206 Pb/ 204 Pb ratios. The initial Pb isotopic data seem to fall into two groups (Fig. 7) , one defined by the fenites and most carbonatites, the other by the intrusive silicate rocks. The initial Pb isotopic ratios (Fig. 7) of the silicate rocks lie below the array defined by the carbonatites, a feature that has also been documented from alkaline silicate rocks from other carbonatite complexes (e.g., . It should be cautioned that the EACL is based on data from young (0-40 Ma) carbonatites, and only the slope can be used for comparative purposes.
G255 Galena
Kaiserstuhl, Germany; Schleicher et a/., 1990) . Compared with the Pb isotopic ratios of the intrusive silicate rocks, the higher 207 Pb/ 204 Pb ratios from the carbonatites suggest that the latter underwent interaction with a different, more radiogenic reservoir, possibly upper crust. Such interaction may have occurred during late-stage hydrothermal activity.
The two granulites with the most depleted 20<5 Pb/ 204 Pb signatures fall on the Stacey-Kramers (1975) Pb evolution curve (Fig. 7) and have isotopic ratios corresponding to ages of 450 and 300 Ma. Data from the third granulite (MW 115) plot among the fenites and along the upper array of Fig. 7 . Such a result contrasts with the extremely low initial 143 Nd/ 1 ^Nd isotope ratio (0-51100) and suggests that the granulite was relatively unaffected by fenitization (Fig. 5) . Compared with the Pb isotopic data from the granulites, the fenites have higher 206 Pb/ 204 Pb isotopic ratios and also show more variation. The Pb isotope ratios from the fenites, along with the Nd and Sr isotopic ratios, correlate with the degree of fenitization, and the most fenitized samples (MW 71 and MW 147) plot within the array defined by the carbonatites (Fig. 7, Table 5B ).
The highly radiogenic Pb isotopic composition of galena in the central carbonatite phases (Garson & Smith, 1958) is unlike that of the carbonatite and, coupled with the high Pb concentration of 15 700 ppm of the quartz-fluorite-dickite rock (Table 5A ), shows that Pb has been highly mobile during late-stage hydrothermal activity. Duplicate Pb isotopic analyses of whole-rock carbonatite samples showed variations which were considerably greater, by a factor of 1-50, than the 01% estimate we normally attribute to duplicate analyses. Some silicate rocks (Table 5B) show less variation in their duplicate Pb isotopic ratios than those from the carbonatites, and this may reflect the fact that the silicate rocks were not subjected to any late-stage hydrothermal activity, possibly because of their younger emplacement ages. The fact that the duplicate Pb isotopic analyses from the younger ferrocarbonatites (MW 166 and MW 168) (Table 5A ) do not plot on the array defined by the carbonatite samples, and their similar Pb isotopic ratios to a galena specimen (no. 657) from the northern spur region (Table 5A) of Chilwa Island (Garson & Smith, 1958) , suggests that the fluids associated with the hydrothermal activity had variable Pb isotopic compositions.
Leaching experiments (Tables 5A and 5B ) on three samples were undertaken to evaluate the role, if any, of subsolidus alteration subsequent to 'hydrothermal' activity. Two of the samples showed highly reproducible Pb isotopic ratios (N 1290 and MW 149). The results from the leaching experiments given in Tables 5A and 5B show that the Pb isotopic compositions of the leachates can either be less (N 1290 and M W 149) or more radiogenic (G 352) than their corresponding whole rocks. In addition, the leachate and residue compositions for samples N 1290 and MW 149 are similar to the whole-rock and duplicate ratios (Table 5A ), suggesting that little or no subsolidus alteration has affected these samples. Stacey-Kramers (1975) growth curve is 100 Ma. The initial Pb ratios for carbonatite sample G 410 are extremely low (Table 5A ) and plot outside the diagram because of the large correction to the present-day ratios.
Stable isotopes
All of the carbonatite samples analysed have carbon (C) and oxygen (O) isotope compositions that are enriched (Table 6 ) and plot outside the range of values (Fig. 8 ) expected for primary igneous carbonatites (Keller & Hoefs, 1995) . The trend toward isotopically higher carbon and oxygen isotopic ratios for the Chilwa carbonates can be attributed to a variety of processes that include crustal interaction during magma emplacement, different mantle sources for the carbon, or Rayleigh fractionation (Deines, 1989) . The isotopically heavier C and O for the Chilwa Island carbonatites are well within the range (<5 13 C= -6 to -2%o and <5 18 O= +8 to + 14%o) of igneous carbonates and could result from Rayleigh crystal fractionation. The S l3 C values for calcite range from -3-25 to -2-37 and for dolomite from -3-18 to -1 -50. In 4 out of 5 carbonatite samples, in which two carbonate phases have been analysed, the calcite is enriched in 5 l3 C and <5
18
O relative to dolomite, a result similar to that obtained by Andersen (1987) from the Fen carbonatites. Equilibrium isotopic fractionation between calcite and dolomite at high temperatures, however, should produce only a small enrichment in the S lB O of dolomite (Deines, 1989) .
The negative isotopic fractionation between calcite and dolomite from Chilwa Island indicates isotopic disequilibrium, probably the result of secondary processes, either of magmatic or non-magmatic origin. Secondary magmatic processes (Deines, 1989 ) that could lead to <5 18 O enrichment in calcite relative to dolomite include (1) the loss of fluids during pressure reduction at the time of emplacement, (2) exchange with magmatic fluids of high <5* 8 O content, and (3) retrograde exchange with magmatic waters. Non-magmatic secondary Sharma & Clayton, 1965; Friedman & O'Neil, 1977) ; 1-01065 for dolomite; and 1-010454 for siderite (50 °C; both from Rosenbaum & Sheppard, 1986) . O-rich hydrothermal fluids, influx of meteoric water, or isotope exchange at low temperatures (Deines, 1989) .
Plots of <5
O for calcite and dolomite vs. 87 Sr/ 86 Sr from the corresponding whole rock (Fig. 9) composition. To produce the negative correlation between O and Sr isotope ratios shown in Fig. 9 , the non-magmatic component must have a 87 Sr/ 86 Sr ratio > 0-70349 and a low (5 18 O isotope signature, similar to that of meteoric groundwater (Hoefs, 1987) . Similar correlations between O and Sr, and C and Sr isotopic ratios from the rodberg and ferrocarbonatites at Fen were attributed to late-stage hydrothermal activity involving meteoric groundwater (Andersen, 1984 (Andersen, , 1987 (Deines, 1989) .
The amount of meteoric water (i.e., water/rock weight ratio) required to produce thẽ 3%o variation in S l 8 O ratios, shown in Fig. 9 , can be calculated using equations for openand closed-system processes (Taylor, 1979) . Using a range of S iS O ratios (0 to -40%o) and temperature (300-500 °C) for meteoric water interaction, the calculated water/rock ratio is always < 1 (0-2-0-9). The groundwater alteration model can also be assessed by calculating the Sr content needed in the meteoric water, assuming water/rock ratios established from the stable O isotope data. The calculation depends on another unknown parameter, the 87 Sr/ 86 Sr isotopic ratio for the meteoric water that interacted with the Chilwa Island complex, 130 Ma ago. If the meteoric water had a high 87 Sr/ 86 Sr isotopic ratio, the calculated Sr content of the meteoric water reaches acceptable (i.e., < 1 ppm) levels. Although much depends on the assumptions used in the calculation, the results obtained from the modelling of the O and Sr isotopic ratios suggest that groundwater interaction may be considered as a viable process for producing the array shown in Fig. 9 .
DISCUSSION
The initial Nd and Sr isotopic data from the Chilwa Island intrusive rocks indicate that the melt was derived from a long-lived Rb/Sr and Nd/Sm depleted mantle source region (Fig. 5) , similar to the source that produced the Kangankunde carbonatite complex (Malawi), also located within the CAP and also of similar age (Ziegler, 1992) . Our finding now extends the depleted sub-continental mantle below a considerable segment of east and central Africa, stretching from Uganda in the north to Malawi in the south.
Isotopic data from carbonatites of similar age to Chilwa Island are shown in Fig. 10 (Ziegler, 1992) ,P-Panda Hill (Morisset, 1992) , C-Chilwa Island (this work). Complexes outside of Africa: M-Magnet Cove, USA ; O-Oka, Canada (Wen et al., 1987) ; J-Jacupiranga, Brazil (Roden et al., 1985) .
and Sr isotopic ratios from the Panda Hill carbonatite, Tanzania (Morisset, 1992) , which may be slightly younger (116 Ma; Snelling, 1965) than Chilwa Island indicate derivation from a mantle source region that was depleted but not as depleted as the one that generated the parental melts for Chilwa Island and Kangankunde. Also shown in Fig. 10 are the isotopic data for carbonatites from outside of the African continent; two of these, Oka (Canada) and Magnet Cove (USA), are derived from a depleted mantle. The Jacupiranga carbonatite, Brazil (Roden et al., 1985) (Fig. 5) . In addition, the fact that the initial Pb isotopic ratios broadly cluster into two groups, one consisting of carbonatites and fenites, the other of intrusive silicates (Fig. 7) , suggests independent evolution for the carbonatite and silicate magmas.
The large spread (0-70319-0-70361) in initial Sr ratios shown by the carbonatites, coupled with constant Nd isotopic composition, is typical of interaction with groundwater. The negative correlation between whole-rock carbonatite initial 87 Sr/ 86 Sr and <5
18
O isotopic ratios for calcite and dolomite, shown in Fig. 9 , supports this interpretation. The younger, central carbonatites (MW 166 and MW 168) and quartz-fluorite-bearing sample (G 255) known to have undergone the highest degree of hydrothermal replacement have higher Sr isotope ratios than the calciocarbonatites. On the basis of the distinct Nd, Pb, and Sr isotopic composition of the quartz-fluorite-bearing sample (G 255) and the fenites, it appears that the hydrothermal fluids and those fluids responsible for fenitization are unrelated. The fact that the Pb isotope ratios from the fenites lie close to the values from the carbonatites (see Fig. 7 ) is consistent with the derivation of the fenitizing fluids from the carbonatites.
The Nd and Sr isotopic ratios from the intrusive silicate rocks are not uniform and plot along a negative linear array in a Nd-Sr plot (Fig. 5) , suggesting open-system behaviour. Open-system processes that can explain such isotopic variations include combined assimilation and fractional crystallization (AFC, DePaolo, 1981) , and binary mixing between either mantle and crustal components or two mantle components. Each of these models is discussed in turn.
Assimilation-fractional crystallization
It is assumed that assimilation and fractional crystallization involved a parental olivine nephelinite magma and several different crustal end-member contaminants. The same parental olivine nephelinite magma with the following elemental abundances and isotopic characteristics (average from three olivine nephelinite samples, Nd=0-51265; Nd = 124 ppm. The three contaminants that were chosen were (1) depleted granulite (MW 115), (2) slightly fenitized granulite (average of samples MW 4 and MW 95), and (3) quartz fenite (MW 30c, the least fenitized 'older' syenite). Although the Nd-Sr array of Fig. 5 was approximated when fenitized granulites were used as the assimilant (at R = 0-4, mass of the assimilant/mass of original magma), the AFC model calculations were incapable of reproducing the Nd and Sr elemental variations using appropriate partition coefficients (£> Sr . D m < 1 0). Other problems associated with the AFC model calculations include the lack of documented partition coefficients for mineral phases in nephelinites, and the fact that the partition coefficients will probably change as a result of open-system behaviour (Nielsen, 1989) .
Binary mixing
Crust-mantle
Nd, Pb, and Sr isotope results from binary mixing modelling, using the same parental magma and contaminants as in the AFC modelling, show that mixing between an olivine nephelinite magma and fenitized mafic granulites better fits the data than in the case of the AFC model. The results of the binary mixing calculations are shown in Figs. 11 and 12 . Although binary mixing explains many of the data, the calculations show that a large amount of fenitized granulites (a mixture of 30-40% fenitized granulites and 60-70% of the original parental magma) is needed to produce the most evolved rock types, the nepheline syenites. Such large amounts of contaminant, however, impose serious constraints on any model that involves bulk assimilation. An alternative model invokes selective assimilation of incompatible-and REE-rich mineral phases, such as plagioclase, from lower-crustal granulites. Ponding of the magma (Duda & Schmincke, 1985) at the base of the lower crust may initiate interaction between nephelinitic melt and granulites, and such a model was also proposed to explain the Nd and Sr isotopic ratios from phonolitic lavas (the volcanic equivalents of nepheline syenites) from the Shombole volcano, Kenya (Bell & Peterson, 1991) . The lack, however, of any correlation between Nd, Pb, and Sr isotopic ratios and any 
Mantle mixing
The Pb isotopic arrays from Chilwa Island shown in Figs. 6 and 7 plot close to the isotopic data from MORBs and OIBs, but their respective regression lines have different slopes. The similarity of the slope of the Pb isotopic arrays from several young East African carbonatites to the oceanic regression line has been interpreted as showing mixing between distinct mantle components, such as a large-ion lithophile element (LILE) depleted source and a metasomatic fluid with a high 207 Pb/ 20 *Pb (Grunenfelder et al., 1986) or between HIMU-like and EM Mike mantle components (Simonetti & Bell, 1994) . The different slope of the Chilwa Island Pb-Pb isotopic array shown in Fig. 7 may be attributed to the mixing of two mantle components different from those responsible for the generation of other African carbonatite complexes.
Mixing between two mantle components, however, is inconsistent with the similar Nd (0-51262-0-51263) and Sr (0-70327-0-70365) isotopic ratios shown by samples G 315 and I 152, the two non-nephelinitic intrusive silicate rocks that plot at the extreme positions of the Pb-Pb isotopic array shown in Fig. 7 . The fact that the Nd and Sr isotopic data from all of the intrusive rocks plot within the depleted quadrant (Fig. 5) indicates their derivation from a similar depleted mantle source. The lack of any correlation between major and trace element 'differentiation' indices and isotopic ratios suggests that each silicate plug or dyke probably represents a distinct mantle-derived partial melt from the same source. The lesser radiogenic Nd and more radiogenic Sr isotopic ratios from the non-nephelinitic silicate rocks may be attributed to crustal contamination during their ascent. The Pb isotopic data for the intrusive silicate rocks shown in Fig. 7 are consistent with the involvement of the magmas with a depleted component, such as lower-crustal granulites.
CONCLUSIONS
Our findings underline a complicated evolution for the Chilwa Island carbonatite complex, involving crustal contamination, groundwater interaction, and magma differentiation. We conclude that the many processes which have affected such a fluid-rich system can only be unravelled using data from several isotope systems.
The new Nd and Sr isotopic data from Chilwa Island show that the parental melt for the carbonatite was derived from an ancient depleted sub-continental mantle source, similar to the one that generated the carbonatite melts at Kangankunde (Ziegler, 1992) . The new data from Chilwa Island extend the known distribution of the depleted sub-continental mantle source in Africa southward from northern Uganda to Malawi.
On the basis of their Nd and Sr isotopic ratios and trace element chemical data, we propose that the Chilwa Island carbonatites and olivine nephelinites are related by liquid immiscibility at low pressures. The carbonate melt then differentiated to produce the different carbonatite phases, as well as the fluids responsible for the extensive fenitization surrounding the Chilwa Island complex. Subsequent interaction between late-stage hydrothermal fluids involving meteoric water and the carbonatites is indicated by the negative correlation between Sr and the O isotopic composition, and the variation in Pb and Sr isotopic compositions at constant Nd isotope values. These fluids were markedly different from those responsible for fenitization.
On the basis of the chemical and isotopic data from the Chilwa Island intrusive silicate rocks, we feel that the most likely model is one in which each intrusion represents a distinct mantle-derived (depleted source) melt that subsequently underwent interaction with lowercrustal granulites. Their post-carbonatite time of emplacement, small volumetric proportions, and lack of consistent chemical differentiation trends support this interpretation.
In spite of the complex history surrounding the Chilwa Island complex, the similarity of the initial Nd and Sr isotopic signatures for the carbonatites to others of similar age suggests that the source isotope signatures have been retained.
